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In-Ear Energy Harvesting: Evaluation of the Power
Capability of the Temporomandibular Joint
Jacob Bouchard-Roy, Aidin Delnavaz and Jérémie Voix

Abstract—Energy harvesting from human body motion is a
promising source of power for future wearables and sensors.
However, better knowledge on the power potentially available
from each of the different types of human body motions is still
required to develop efficient human-centered energy harvesting
devices. This study investigates a method to evaluate the kinetic
energy generated by the earcanal dynamic movements during
the mastication of food. The wearable power sensing device, a
hydraulic in-ear portable device, was developed for this study to
measure the power associated with earcanal dynamic movements.
The mean power was evaluated on six participants as they were
eating. The results show that an average power of 26.2 mW is
readily available in one earcanal from chewing an entire meal.
This in-ear source of energy can ultimately be used to fully
or partially power in-ear devices such as hearing aids, digital
hearing protections, and emerging wearables technologies.
Index Terms—Earcanal dynamic motion, energy harvesting,
power sensor, pressure transducer, temporomandibular joint.

I. I NTRODUCTION

T

HE human body maintains its energy in a constant state
of stability by balancing the generation and consumption
of energy: it absorbs the chemical energy of foods through
the process of cellular respiration and stores some part of the
generated energy in the body as fat or other substances. A
significant part of the energy intake is used either to sustain
the metabolism and maintain the body’s temperature (thermal
energy) or to drive the muscles to perform everyday physical
activities (kinetic energy). A small amount of these thermal or
kinetic energies could be sufficient to power small electronic
mobile devices, thus eliminating or at least reducing their
reliance on batteries.
Although numerous studies have already focused on humanpowered energy harvesting systems, knowledge regarding the
properties of body-centered energy sources is still limited [1].
One of the first analyses of the types of human body energy
sources was presented in [2], which describes how much power
is available, on average, from body heat, respiration, blood
pressure, upper limb motion and walking. Simple assumptions
and basic formulas were used to evaluate the various human
body energy sources. In recent years, the accuracy of these
recoverable energy estimations have improved through the use
of more reliable datasets, more precise measurements, and
better formulations.
For example, the evaluation of the amount of thermal energy
available from human daily activities could be significantly
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improved by using more research data on the skin temperature of additional body locations and taking into account
surrounding conditions and the time of day [3]. Also, skin
temperature is usually measured using thermistor probes [4],
however, such measurements, which are normally found in the
context of medical literature, do not account for the thermal
resistance of the skin when its heat is used as a source of
power. Therefore, the evaluation of the thermal energy of
the body could be further improved by measuring the skin’s
heat flow using thermopiles [5]. Furthermore, the efficiency
of thermoelectric devices is usually inferior to that of heat
engines as given by Carnot’s equation and as is commonly
used in the literature. The thermal efficiency of the human
body can be better estimated by using the thermoelectric figure
of merit [6].
Improvements could also be achieved in the evaluation of
the human body’s kinetic energy. The amount of energy that
can be harvested from body motion can be more realistically
measured using the kinematics and kinetics data available in
the literature for the heel strike or the ankle, knee, hip, shoulder, and elbow joint motions during walking [6]. Human body
motion was initially measured by video digitizing systems
and force platforms [7]. However, nowadays, accelerometers
are almost exclusively used to facilitate the kinetic energy
measurements of everyday activity either for the human body
[8] or the human head [9]. In addition, more effective methods
for collecting motion acceleration traces and more efficient
algorithms to analyze these are emerging [1] to improve the
estimation of the kinetic energy capacity of the human body.
Among the various human body activities, chewing has not
received much attention in the literature as a source of power.
However, it is the most promising activity for harvesting
muscle energy in the region of the head [10]. The energy
associated with chewing can be calculated by integrating the
force-movement data curves generated by the biting action
for different kinds of foods [11]. It is estimated that one can
obtain a total bite work per day of around 580 J equivalent
to an average power of approximately 7 mW [10]. In another
study, a convenient flexible piezoelectric chin-strap harvested
7 µW from jaw movements [12].
The chin’s motion is one way to recover energy generated
by chewing, but another is from the movements of the earcanal
wall. During functions such as mastication, movements of the
mandible result in the deformation of the earcanal, because
the jaw bone (mandible) is connected to the skull (temporal
bone) by a temporomandibular joint (TMJ) which is located
very close to the earcanal. Kinetic power associated with these
dynamic movements can be evaluated by transforming the
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Fig. 1. Schematic of the hydraulic circuit of the in-ear power sensing device
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Fig. 2. Schematic of the electronic circuit of the in-ear power sensing device

The entire device is fitted into the cup of an acoustic earmuff
as shown in Fig. 3 to steady the earplug inside the earcanal
and ensure the easy portability of the device. The mass of
the instrumented earmuff is 200 g with an overall size of
20 × 15 × 10 cm.
III. E NERGY MODELING OF THE POWER SENSING DEVICE
The liquid-filled earplug can be modeled as a closed system
with a volume V and pressure P containing the internal energy

A0

test

ECHELLE:1:2

3

pressure sensor was selected based on the results presented
in [17] which state that 14 kPa of pressure ensures a good fit
between the earplug and the earcanal. If a leak were to happen
inside the ear of the wearer, there would be no harm since the
pressure is still small and the fluid is biocompatible.
The sensor package contains a Wheatstone bridge, an amplifier and all the necessary components for signal conditioning.
As for data processing and storage, an Arduino Bluefruit
NRF52 card (Adafruit Industries, NY, USA) was used for its
integrated 12-bit analog-digital converter (ADC) and its compact size. The sampling was set to 100 Hz, which is sufficiently
greater than 1.5 Hz, the typical frequency at which chewing
occurs [18]. The ADC was connected to the data acquisition system, which is a battery-powered portable computer
designed as an Auditory Research Platform (ARP) (CRITIAS,
Montréal, QC, CA) [19] enabling communication with the
ADC via USB and long-term data storage, as illustrated in
Fig. 2.

D/A
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The mobile in-ear power sensing device is composed of a
hydraulic circuit and an electronic board. It fits within the
earcanal and can measure the energy generated by the activity
of the TMJ during chewing.
The device’s hydraulic circuit provides a medium that can
transform the earcanal’s dynamic movements into a measurable value of the pressure. The circuit is illustrated in Fig.
1. It is composed of an inflatable earplug, model V5 HPD
(EERS Global Technologies Inc., Montreal, QC, CA), which
is normally used as a custom-fitted hearing protection device
injected with a medical grade silicon, however in this study,
the inflatable earpiece is installed onto a support providing two
ports. It is filled with water through one of the ports using a
syringe graduated with precise marks indicating the volume. A
one-way valve is placed between the syringe and the earplug
to prevent any backflow and to keep the fluid volume constant
during the test. The other port is connected to a gauge pressure
transducer ASDX015G24R (Honeywell, Charlotte, NC, USA).
The pressure transducer is water compatible and capable of
measuring the pressure variations generated by the dynamic
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movement of the earcanal. Thus, during chewing, the TMJ
changes the earcanal shape (radius and curvature) resulting
in the deformation of the water-filled earpiece and pressure
variations inside the earplug. The operating range of the

MUX

resulting earcanal deformations into variations of the water
level in a vertical tube and the kinetic energy thus measured
is estimated to peak at 5 mW [13]. The peak power was then
calculated for a group of 12 test-subjects based on the results
obtained for their earcanal deformations using geometrical
analyses of ear impressions at two jaw positions: open and
closed [14]. Hence, at least 5 mW of maximum instantaneous
power could be expected for all test-subjects performing the
cycle of opening and closing their mouth.
In spite of the previously mentioned studies, the potential of the earcanal as a source of power is not yet well
known. In fact, extending the test results from one to 12 testsubjects based on the analogy of their geometrical analyses
of earcanal deformation does not reflect the full capacity
of such subject-dependent and time-variant movements. In
addition, the proposed experimental setup using a column
of water to measure the earcanal energy potential is bulky.
It is unsuitable for mobile applications, inadequate for outof-laboratory measurements and cannot be easily used for
tests involving a large sample of subjects. While compact
in-ear devices have been recently developed to measure the
earcanal’s dynamic activity by using piezoelectric [15] or
infrared proximity sensors [16], they are unable to measure
the power capability of the earcanal.
This paper presents a mobile in-ear power sensing device
able to measure the power capability of the earcanal during chewing. This paper is organized as follows: Section II
describes the in-ear sensor prototype and its components.
The modeling of the system is developed in Section III,
which also presents the required equations derived to calculate
the available power from the earcanal’s dynamic movements
during the action of chewing. The experimental setup used on
six test-subjects is presented in Section IV followed by the
results and discussion in Section V. The conclusion is drawn
in Section VI.
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response to a given pressure change. The total stiffness of the
system can be modeled as two springs in series as shown in
Fig. 4. One represents the stiffness of the earplug’s membrane
km , while the other accounts for the rigidity of the earcanal’s
wall ke . The equivalent stiffness k of the combined earplug

Inflatable earplug

Gauge pressure transducer

Fig. 3. Components of in-ear power sensor: inflatable earplug filled with
water and an electronic circuitry fitted into the cup of an acoustic earmuff

Ei ,
Ei = P V

(1)

The earplug envelope (once filled) and the earcanal wall form
an elastic system whose associated energy Ee can be written
as
1
2
Ee = k(U 2 − Ustatic
)
(2)
2
in which k is the equivalent stiffness of the earcanal-earplug
coupled system and U and Ustatic are the volumic deformation
of the mechanical system with respect to a reference state U0
during the dynamic movement and in the static equilibrium
position respectively. The total energy E of the inflated earplug
fitted to the earcanal is given by adding the internal pressure
and elastic deformation energy components, as written in the
following energy equation:
1
2
E = Ei + Ee = P V + k(U 2 − Ustatic
)
(3)
2
Therefore, the energy variation dE of the system is obtained
by differentiating the energy equation as follows:
dE = V dP + P dV + kU dU − kUstatic dUstatic

(4)

in which d is the differential operation. If the water is assumed
to be incompressible, the water volume change during the
earcanal dynamic movement should be null (dV = 0). Also,
the static volume should remain constant during the test
(dUstatic =0) and hence
dE = V dP + kU dU

Fig. 4. Spring-mass model of the earplug’s silicone membrane inside the
earcanal (close-up view based on Fig. 1)

and earcanal system is experimentally measured on the test
subject by measuring the rate of the pressure change (measured
by the pressure sensor) with respect to the volume change
of the earplug (measured by the syringe with precise volume
markings) as the earplug is being filled inside the subject’s
earcanal. Therefore, the water pressure and the earplug’s volumetric deformation are related to each other by the equivalent
stiffness k as
P = kU
(6)
The derivation of (6) yields:
dP = kdU
Substituting U and dU from (6) and (7) into (5), yields:
dE = V dP +

(5)

According to (5) and by ignoring the energy loss due to
dry friction, viscous damping or heat dissipation, the kinetic
energy of the earcanal dynamic movement is transformed
into the internal pressure increase of the water (V dP ) and
the deformation of the earcanal-earplug system (kU dU ). The
internal pressure energy can be easily evaluated by calculating
dP and knowing the total volume V of the injected water.
However, evaluating the energy of elastic deformation is a
challenge, because there is no sensor in the system capable
of measuring the earplug’s deformation. The deformation
energy in this paper is calculated based on the experimental
measurement of the equivalent stiffness, which is the extent
to which the entire mechanical system resists deformations in

(7)

P dP
k

(8)

The instantaneous power is consequently obtained by deriving
(8) with respect to the time t,
dE
V dP
P dP
=
+
dt
dt
kdt

W =

(9)

where Wi = V dP/dt represents the power required to
change the water pressure and We = P dP/kdt is the power
required to elastically deform the earplug and the earcanal.
The total energy E during the time interval ∆t is calculated
by integrating (9) over the time period, as
Z
E=

∆t

Z
Wi dt +

0

∆t

We dt
0

(10)
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Wmean =

E
∆t

(11)

IV. E XPERIMENTAL MEASUREMENTS
Six male subjects aged 20 to 35, having no malformation
of the earcanal and being in good health participated in the
test. Each test subject was asked to put on the instrumented
earmuffs and attach the ARP to his belt. Then the test subject
was asked to eat his lunch at a normal pace and to chew at
his normal rhythm.
The human subject test procedure was approved by the
École de technologie supérieure’s internal review board [20].
The test subjects’ right ear was verified to ensure that no
wax obstructed the earcanal. The tests were performed during
lunchtime, while participants ate and chewed their normal
meal. The procedure of the test is as follows: First, the earpiece
is inserted into the subject’s earcanal and it is held in place by
the instrumented earmuffs. Then, using a syringe, the hydraulic
circuit is filled and flushed with water to remove any air
bubbles. After this, the connections are checked for leaks.
While the earplug is being filled with water, the pressure signal is recorded at every 0.05 ml of water injected
to calculate the equivalent stiffness until it reaches 14 kPa
which is the minimum required pressure for a good fit [17].
Another criteria for the final filling pressure is the comfort
of the earplug declared by the test subject during the earplug
inflation. Once the fit is obtained, the filling syringe is removed
and the measurements can begin. Fig. 5 shows a test subject
wearing the in-ear power sensing device during the test.

Fig. 5. In-ear power sensing device in use while data is recorded by ARP
placed inside a waist pack

During the test, the pressure data is recorded in a text
file using the ARP. At the end of the test, the water in

the hydraulic circuit is collected, measured, and used for
subsequent calculations.
V. R ESULTS AND DISCUSSION
Fig. 6 shows the pressure variation of the system as a
function of the water volume while the earplug is being filled.
This graph indicates the stiffness of the system around the
working pressure by using (7).

30
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Subject #5
Subject #6

25

Pressure (kPa)

Finally, the average power generated by the earcanal’s dynamic
movements during the test Wmean is estimated by dividing the
total energy from (10) by the duration of the test, ∆t,
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Fig. 6. Pressure-volume curves used to determine the equivalent stiffness of
the earplug-earcanal system. The starting pressure differs amongst subject as
the amount of prefilling water varies

The pressure variation P inside the hydraulic circuit and the
corresponding instantaneous power W were computed for all
six test subjects using (9). Fig. 7 shows a typical result of a
test subject. The details of the tests and the power calculations
for each test subject are listed in Table I.
A downward trend in the pressure signal can be observed
in Fig. 7(a) particularly at the beginning of the test. This
phenomenon can be explained by the fact that the silicone
membrane is not completely impermeable to the micro-leaking
of water.
The results shown in Table I prove that a mean chewing
power of 27.8 mW is available inside the earcanal. The mean
power has two components as depicted in (10). The first
component is the power required to increase the internal water
pressure (Wi ) and the second is the power associated with the
elastic deformation of the mechanical system (We ). While the
first component represents the amount of power that can be
ultimately transformed into useful energy by an actual energy
harvesting device, the second power component is conserved
within the mechanical elements of the system and would not
be available for energy harvesting in a similar setup. Therefore,
each power component is calculated separately and the results
are demonstrated in Fig. 8.
According to this Fig. 8, a significant part of the estimated
power is associated with the internal pressure change in the

Pressure P (kPa)
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Fig. 7. Results for subject #1 over a meal (a) pressure variation inside the earplug for subject #1, (b) the instantaneous power and its associated average
value (c) frequency spectra of chewing where the dominant frequency is around 2 Hz

hydraulic system and hence, available for energy transformation, whereas a little portion of the total power is in the form of
elastic power and is not recoverable. To quantify the available
portion of the total power, the power ratio r is defined as
r=

Available power
Wi
=
W
Total power

(12)

This ratio was calculated for each test subject and the results
are presented in Table I. It is estimated that 91 % of the total
power is available, on average, if a similar deformable earpiece
platform is used to harvest the energy from the earcanal
dynamic movements.
The Spectral analysis of the pressure signal using the Fast
Fourier Transform (FFT) reveals a dominant frequency of
1.44 Hz on average for the action of mastication, which is
in good agreement with the chewing frequency of 1.54 Hz
obtained in a previous research using Electromyography [18].
The individual results for the chewing frequency are also
provided in Table I.
The shape of the earcanal is a complex structure characterized by two bends and variable-diameter sections [21], as
illustrated in Fig.1. The earplug used in this study does not
penetrate deep inside the earcanal. It mostly occupies the space

between the first and the second bends where most of the
earcanal deformations occur [22]. Also, most commercial inear products do not go as deep as the second bend. Hence, it
is assumed that the estimated power measured in this study is
fairly representative of the achievable power from actual in-ear
wearables form factors. In addition, it should be noted that the
tests were only performed on one ear, the right ear of each of
the test subjects to be precise, and that it is quite acceptable
to assume that the total available in-ear power would double
if a device to harvest power were placed in both ears, given
the similarity between the movements of the right and left
earcanals.
The metabolic cost of wearing such a device must be taken
into account given that the earcanal movements are met with
a certain amount of resistance from the water-filled earplug.
This resistance is assumed to be smaller than that caused by
wearing rigid earpieces, such as hearing aids or earplugs and
to be still within the comfort zone of the wearer during the
test. Therefore, there is a metabolic cost for wearing the inear power sensing device when compared with a non-occluded
ear, but there is no extra cost when compared with an already
occluded ear (e.g. someone already wearing a hearing aid or
hearing protection device).
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k
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85.5
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Test duration
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s
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161

Energy

E

J
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9.9

6.3
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15.3
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6.3

Mean power

Wmean

mW

39.9
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16.7
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26.8

26.2

1.9

Peak power

Wpeak

mW
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Power ratio

r
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Frequency

f

1.95
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Circuit water volume
Equivalent stiffness
TABLE I
M AIN RESULTS
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Fig. 8. Two components of the mean power available from earcanal dynamic
movements for six test subjects representing the power generated by the
internal pressure change Wi and elastic deformation We

Finally, it should be noted that the developed prototype is
intended to be used for a limited number of test subjects and
during limited period of time. Some modifications would be
required specially in sealing of the earplug and energy autonomy of the data acquisition system to ensure the durability
and stability of the device.
VI. C ONCLUSIONS
The main goal of this work was to evaluate the power
capability of the earcanal’s dynamic movements when
chewing. The wearable power sensor was designed, modeled
and fabricated using an inflatable earplug, a pressure sensor
and the required conditioning circuit, all fitted into a pair
of earmuffs. The device was tested for 6 test subjects while
eating the lunch. A total energy of 14.9 J is calculated to be
generated in average during the lunch with the mean duration
of 548 s. Therefore, the average chewing power available
inside a single earcanal is estimated to be around 26.2 mW
from which 91% is stored in the water by increasing the

internal pressure and the remaining is stored in the earplug
membrane and the earcanal wall by elastic deformations.
The estimated power is in the same order of magnitude, but
relatively higher than those reported by similar studies as
revealed in the first part of Table II. The observed difference
can be due to the more precise measuring setup, more
comprehensive internal and elastic energy storage modeling
and the nature of the test which is about chewing rather than
simple jaw opening and closing cycles as in previous studies.
When considering the power consumption of a typical
hearing aid or electronic hearing protection, which is less
than 1 mW on average per use duration, the power generated
by chewing is indeed very promising. Several attempts have
already been made to tap this source of energy as demonstrated
in the second part of Table II. Electromagnetic induction and
piezoelectric transduction have already been used for energy
harvesting from the earcanal dynamic movements. However,
their power output is not yet sufficient for practical applications. The results of this research can be eventually used to
modify the design, improve the efficiency and help to better
evaluate the performance of ear-centered energy harvesting
systems.
In addition to chewing, there are other types of jaw activity
such as talking, swallowing, coughing and laughing which
have a great potential for in-ear energy harvesting. Therefore,
further investigations of the power capability of earcanal
dynamic movements should be conducted over longer periods
of time during the day and should evaluate precisely, each of
the different kinds of human jaw activities.
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after working in the aerospace field where he gained
experience in Project Management and ComputerAided Design. In the winter of 2018, he began his
Master’s degree in Mechanical Engineering at ÉTS
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